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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Introduction 
 
 
Computer-based information system (CBIS) has changed the people works 
from traditional manual system to an automation system that provides more effective 
and systematic way in solving specific problems.  In addition, the works can be done 
and completed much faster than the previous approach.  Thus, time consumption can 
be reduced and managed efficiently.  This is due to the rapid development of 
computer’s technology over the last few years.  Several types of CBISs have been 
developed and those systems have contributed to the evolution of information 
system.  Among of them are Management Information System (MIS), Office 
Automation System (OAS), Executive Support System (ESS), Decision Support 
System (DSS), Knowledge Management System (KMS), Geographic Information 
System (GIS) and Expert System (Gadish, 2004).  
 
 
Geographic information system (GIS) is one of the important developments 
of CBIS that combines digital map and geographic data; and facilitate assessments of 
related characteristics of people, property and environmental factors.  In general, GIS 
is a set of computer tools for collecting, storing, retrieving, transforming and 
displaying data from the real world for a particular set of purposes or application 
domains (Burrough and McDonnell, 1998).  There are two main elements in 
developing GIS applications: database and visualization.  This system provides an 
opportunity to store both kinds of spatial data (location-based data) and non-spatial 
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data (attribute data) in a single system.  In current GIS applications, these two types 
of data are often stored in two separate databases.  However, these databases are 
linked or joined together later depending on the particular characteristic.   
 
 
Computer graphics disciplines are exploited in visualizing the GIS data.  It is 
useful for analyzing and verifying the related activities in terms of accuracy, 
efficiency and other factors.  For this reason, GIS is becoming increasingly important 
to a growing number of activities in many sectors including urban planning, flood 
planning, oil exploration, evaluations of vegetation, soil, waterway and road patterns 
(Fritsch, 1996; Burrough and McDonnell, 1998).  
 
 
 Lacking in several aspects such as user interaction (limited to panning and 
zooming operations), presentation (points, lines and symbols) and interpretation in 
two-dimensional GIS (2D GIS) was lead to the development of higher dimensional 
GIS especially three-dimensional GIS (3D GIS), which is also known as Virtual GIS 
(Burrough and McDonnell, 1998).  The use of colors and symbols representation in 
previous GIS is replaced with 3D photo-textured models, which improves the level 
of understanding of the system.  Moreover, Virtual GIS has the ability to have 
detailed 3D views and provide real-time navigation whether fly-through or 
walkthrough for analyzing large volumes of spatial data and related information.  At 
the same time, the operations used in 2D GIS can be integrated easily into the system 
(Noor Azam and Ezreen Elena, 2003).  
 
 
Real-time terrain visualization is one of the subfield in GIS that attracts a 
number of researchers involved in this area.  Normally, terrain and the other objects 
such as trees, buildings and roads are managed separately due to their different data 
representation.  Speed and realism are two factors frequently considered in solving 
related terrain problems.  At present, there are more than 800 commercial terrain 
visualization software have been developed by different vendors and developers as 
reported by United States Army Topographic Engineering Center (2005).  Among 
the popular software are ESRI® ArcGIS, ERDAS® Imagine VirtualGIS, Geographic 
Resources Analysis Support System (GRASS) and Manifold System.  
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In this thesis, the research focuses on real-time 3D terrain data organization, 
visualization and on-the-fly navigation.  There are two key issues have to be 
encountered in developing terrain-based applications in GIS field: spatial database 
management and fast interactive visualization (Kofler, 1998).  These two obstacles 
take into account with the capabilities of current hardware technology that supports 
the system to be developed.  Large amount of terrain dataset need to be handled 
efficiently in real-time environment with restricted main memory capacity.  These 
include the management of geometric and texture data.  At the same time, the 
interactive frame rate needs to be achieved consistently when facing with too many 
polygons generated for each frame.  The detailed information on problem 
background is covered in Section 1.2. 
 
 
There are many solutions have been proposed by a number of researchers in 
the last few years.  Among of them are the implementation of hierarchical data 
structure, visibility culling methods and level of detail (LOD) techniques.  Briefly, 
the most common types of data structures can be employed to manage data are Kd-
tree (Bentley, 1975; Bittner et al., 2001; Langbein et al., 2003), quadtree (Samet, 
1984; Röttger et al., 1998; Pajarola, 1998), R-tree (Guttman, 1984; Kofler, 1998; Yu 
et al., 1999; Zlatanova, 2000) and tiled block (VTP, 1999; Lindstrom et al., 1996; 
Pajarola, 1998; Ulrich, 2002).  The difference is depending on how the space (data) 
is divided in hierarchical manner (Gaede and Günther, 1998). 
 
 
For visibility culling, there are four types of methods can be adopted: 
backface culling (Laurila, 2004), small feature culling (Burns and Osfield, 2001; 
Assarsson, 2001), occlusion culling (Stewart, 1997; Mortensen, 2000; Martens, 
2003) and view frustum culling (Hoff, 1996; Assarsson and Möller, 2000).  These 
are useful for removing the unneeded data from being processed.  One of the 
important components in culling methods is the intersection test.  The related 
research works include Axis Aligned Bounding Box (Beckmann et al., 1990; 
Morley, 2000), Oriented Bounding Box (Gottschalk et al., 1996; Assarsson and 
Möller, 2000), Bounding Sphere (Hubbard, 1995; Dunlop, 2001; Morley, 2000; 
Picco, 2003) and k-Discrete Orientation Polytope (Klosowski et al., 1998). 
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LOD techniques are used to reduce the number of polygons and give details 
to the certain area in a scene.  The examples of well-known techniques are Real-time 
Optimally Adapting Meshes (Duchaineau et al., 1997), Real-time Generation of 
Continuous LOD (Röttger et al., 1998), View-Dependent Progressive Meshes 
(Hoppe, 1998) and Out-of-core Terrain Visualization (Lindstrom and Pascucci, 
2001).  Although the LOD technique can reduce the problem complexity but lots of 
polygons that are out-of-sight still being rendered, thus deteriorating the system 
performance.  Most of the abovementioned researchers have integrated their system 
with culling method at vertices or polygon level in order to solve the problem.  
However, lots of computations involved in implementing such method especially 
when facing with large amount of datasets.  
 
 
In this thesis, a set of techniques has been designed and proposed for 
handling massive terrain dataset in interactive rate.  The idea behind this research is 
to expand the capability of triangle-based LOD technique and improve the 
performance of real-time terrain visualization and navigation system.  Triangle-based 
LOD technique has been chosen for this research because it has potential to remove 
lots of terrain geometry and capable to speed up the system at interactive rates 
without losing the visual appearance of visualization part (Duchaineau et al., 1997; 
Hoppe, 1998; Pajarola, 1998; Röttger et al., 1998; Lindstrom and Pascucci, 2001).  
 
 
There are two separate phases involved, which are pre-processing and run-
time processing.  In first phase, the specific terrain data is converted to the internal 
data structure that is based on tile representation.  The original terrain data is 
partitioned into several small tiles or patches.  In run-time, several tiles are loaded 
depending on camera position.  Then, these tiles are tested for determining the 
visibility status to remove the unseen block of data.  Finally, the geometric 
simplification of visible terrain tiles is done which is based on triangle-based LOD 
technique in order to minimize the number of triangles to be processed and being 
rendered. 
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1.2 Problem Background 
 
 
There are three challenging issues in developing terrain-based applications.  
These involve the massive terrain datasets, geometric complexity and capability of 
current triangle-based LOD techniques. 
 
 
 
 
1.2.1 Massive Terrain Dataset 
 
 
Various types of terrain datasets are widely being used in GIS applications, 
including Digital Elevation Model (DEM), Digital Terrain Elevation Data (DTED), 
satellite data and aerial photographs.  Commonly, terrain consists of geometry and 
imagery data.  Geometric data represents the location or coordinate of related 
terrain’s vertices, while imagery data represents as a texture map for producing 
realistic 3D model.  In fact, large amount of this terrain dataset have to be faced 
when dealing with GIS applications.  It is not surprising if the size of dataset will 
occupy a number of Gigabytes or even Terabytes of storage (Gaede and Günther, 
1998).   
 
 
The use of this massive dataset will affect the capability of main memory to 
load and store data for visualization.  A number of researchers have pointed out that 
it is impossible to hold the entire detailed dataset at once (Kofler, 1998; Pajarola, 
1998).  Besides that, accessing this data quickly enough to use it in real-time 
rendering is a difficult problem.  It will limit the performance of the system during 
interactive visualization.  This is because when the new frame is generated, all 
polygons will be displayed whether they are within the view frustum or not.  It is 
time consuming to compute and render the unneeded data continuously in real-time 
(Hill, 2002). 
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1.2.2 Geometric Complexity 
 
 
For any detailed terrain model, the number of triangles that must be rendered 
is prohibitively high.  For instance, a 100 km x 100 km terrain sampled at 1-meter 
resolution and represented as a regular grid will contain roughly 20,000,000,000 
triangles.  At present, it is not be able to render anywhere near this full resolution 
data in real-time.  According to the research that has been done by Hill (2002) in 
managing large terrains, rendering 20,000,000,000 triangles per second would not be 
feasible until 2010.  Furthermore, rendering this many triangles at 60 frames per 
second would not be possible until 2016.  Figure 1.1 shows an example of 
visualizing original terrain model with billion of vertices and polygons.  The white 
line shows the triangles generated in wireframe mode and the black color is a 
background of a scene. 
 
 
 
Figure 1.1 Visualization of full resolution terrain model (number of vertices = 
16,848,344,430 and number of triangles = 33,695,786,468) 
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With current graphics hardware, all communications between the card and the 
CPU takes place over the memory bus.  Presently, the primary bottleneck related to 
rendering performance is the memory bandwidth on the bus.  The graphics hardware 
is capable of rendering substantially more geometry per second than can be read in 
over the bus.  In order to render 60 million triangles per second, over 5 Gigabytes of 
data would need to be transferred to the card each second.  According to the 
maximum memory bandwidth and million triangles per second can be transferred to 
the graphics card as shown in Table 1.1, it is impossible to achieve the maximum 
rendering speed directly.  Moreover, this bandwidth is also used for transferring 
texture data to the card, so the 60 million triangles per second target are even further 
out of reach (Hoppe, 1999; Hill, 2002). 
 
 
Table 1.1: Types of busses and the corresponding memory bandwidth and geometric 
throughput (Hill, 2002; Peng et al., 2004) 
Type of Bus Bandwidth Limitation 
(MB/s) 
Geometric Throughput 
(Million triangles per second) 
PCI 133  1.385 
PCI64 533 5.552 
AGP 1x 266 2.771 
AGP 2x 533 5.552 
AGP 4x 1066 11.104 
AGP 8x 2150 22.396 
PCI Express 4300 44.792 
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1.2.3 Limited Capability of Triangle-Based LOD Techniques 
 
 
In order to deal with so much dataset, level of detail (LOD) techniques need 
to be employed.  Theoretically, terrain close to the viewer must be presented with 
more geometry than terrain that far away from the viewer; and rough terrain requires 
more geometry than flat terrain does.  Frequently, triangle-based LOD algorithm is 
applied for simplifying the terrain geometry.  Although this technique provides fast 
visualization through polygon simplification in real-time but it is not practical for 
very large terrain dataset because the amount of data to be loaded exceeds the data 
that can be stored into main memory.  Even if the system is able to load the data, it is 
time expensive for waiting the loading process completed (Hill, 2002). 
 
 
 
 
1.3 Problem Statements 
 
 
According to the problems mentioned earlier, the following question needs to 
be solved in this research:  
 
How to store and display large amount of terrain datasets efficiently 
for real-time visualization and navigation system with restricted 
capacity of current main memory and memory bus bandwidth? 
 
 
 
 
1.4 Goal 
 
 
The research goal is to expand the capabilities of triangle-based LOD 
technique by developing a set of techniques using hybrid method that will enhance 
the efficiency of real-time 3D terrain visualization and navigation for the 
development of Virtual GIS.   
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1.5 Objectives 
 
 
In order to accomplish the main goal, several objectives have to be fulfilled. 
These include:  
 
(i) To design and construct an efficient data structure that will be able to 
store arbitrary-sized terrain model. 
(ii) To develop an algorithm that will be able to provide fast data loading 
and reduce the memory usage in run-time. 
(iii) To develop a culling technique that will be able to remove large 
amount of terrain geometry. 
(iv) To integrate aforementioned data structure, loading algorithm and 
culling technique with the chosen triangle-based LOD technique into 
the real-time terrain visualization and navigation system. 
 
 
 
 
1.6 Scopes 
 
 
The research focuses on managing large-scale terrain dataset in real-time. 
Several scopes need to be considered. These include:  
 
(i) The system manages static terrain dataset.  It does not include the 
buildings, trees, rocks and other related objects. 
(ii) The system focuses on managing terrain geometry.  Imagery terrain 
data is only used as a texture map for enhancing the visual 
appearance.   
(iii) Terrain datasets are the regular grid representation.  
(iv) Triangle-based LOD technique is based on view-dependent LOD 
technique.  
(v) The system is developed in real-time environment, which involves 
user interaction through computer’s keyboard and mouse on desktop 
PC. 
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1.7 Organization of the Thesis  
 
 
The thesis is organized into six chapters. Chapter 1 gives a general picture on 
related research fields, problem background and existing solutions involved in 
developing real-time terrain visualization and navigation in Virtual GIS.  Besides 
that, the goal, objectives and scopes of this research have been specified. 
 
 
Chapter 2 provides surveys on spatial data structures, visibility culling 
methods, intersection test techniques and view-dependent LOD techniques. 
 
 
Chapter 3 presents the methodology of this research, which consists of four 
main steps.  The explanations include partitioning original terrain data, loading tiles, 
culling invisible tiles and simplifying geometry of visible tiles. 
 
 
Chapter 4 describes the implementation details of prototype system from pre-
processing to run-time processing.  For pre-processing, there are two pairs of steps 
have been explained, which are reading a DEM file and creating TXT files, and 
reading TXT files and creating TILE files.  For run-time processing, the section has 
been divided into five subsections: creation of classes, initialization, rendering, 
interaction and shutdown procedure.  
 
 
Chapter 5 presents and discusses the results obtained from the 
implementation phase. System specifications and testing data have been specified.  
Subsequently, the evaluations of the system and comparison among the existing 
technique have been explained in further details.  
 
 
Chapter 6 summarizes the thesis and includes recommendations of future 
works that can be extended with the prototype system. 
